Purpose: To assess the effect of abdominal compression on the interfraction variation in tumor position in lung stereotactic body radiotherapy (SBRT) using cone-beam computed tomography 25 (CBCT) in a larger series of patients with large tumor motion amplitude. those treated without compression. Therefore, target matching is required to correct or minimize the interfraction variation.
Introduction
Radiation therapy is a double-edged sword in that it is effective for treating several tumor types, while at the same time creating morbidity. This is particularly true when it comes to the delivery of high-dose hypofractionated treatments to a moving target, as in stereotactic body radiation therapy (SBRT) for lung cancer. Indeed, the better local control and overall survival 60 with recent high-dose radiation techniques might be compromised by movement of the tumor, which could increase the probability of missing the tumor, leading to greater irradiation of surrounding normal tissues, more local failure, and side effects [1, 2] . Consequently, motion management is of great importance for accurate beam delivery in tumors affected by respiratory motion and for reducing doses to the surrounding tissues [3] . 65 Different methods have been used to deal with tumor motion, including increasing the margins to account for the motion, inhibiting respiratory movement with abdominal compression or breath-holding, respiratory gating, and real-time tumor tracking. Whatever method used, it must be reliable and reproducible in order to deliver safe SBRT [4] .
Abdominal compression was used in many early SBRT studies and has become a popular 70 motion-management method [5] . It consists of constraining the patient's breathing with a pressurized abdominal cushion or pressure pad [6] . Several studies reported its efficiency at reducing the amplitude of respiratory-induced tumor motion [5, 7] . However, the daily reproducibility of the compression effect of the plate can be undermined by changes in the patient's anatomy and respiratory pattern over the course of the treatment [5] . 75 Recently, the introduction of soft-tissue imaging to the treatment room offers the possibility of daily imaging and online correction of tumor position errors before treatment [8] [9] [10] . Using those techniques, several authors evaluated intra-and interfractional variations in tumor motion in patients treated with SBRT for either lung or liver cancer [4, [11] [12] [13] . However, treated with abdominal compression, making it difficult to draw any conclusion from their study.
Moreover, the range of tumor motion at the planning scan for the majority of the 12 patients did not exceed 5 mm, with the tumors mostly located in the upper and middle lobes [4] .
In our institution, a small abdominal pressure plate is used to reduce tumor motion when lung tumor motion observed by x-ray fluoroscopy is ≥8 mm in the longitudinal direction [7] . Here, we 90 assessed the effect of abdominal compression on the interfraction variation in tumor position in lung SBRT using CBCT in a larger series of patients with a large tumor motion amplitude.
Materials and Methods

Patient population 95
Between April 2011 and October 2012, 33 patients with lung tumor motion >8 mm in the longitudinal direction were treated with SBRT. Of the 33 patients, we retrospectively analyzed 30 
Four-dimensional computed tomography and target delineation
During simulation, all patients were positioned and immobilized on a BodyFix vacuum cushion (Medical Intelligence, Schwabmünchen, Germany) with both arms raised, and underwent an x-ray fluoroscopy evaluation using the Acuity Planning, Simulation, and 110 Verification System, ver. 
Image guidance and data acquisition 140
Patients were treated on the Vero4DRT system equipped with a dual kV x-ray imaging subsystem, electronic portal imaging device, infrared camera system, and robotic treatment couch with five degrees of freedom (three axes of translation and two axes of rotation) for patient set-up correction [15] . Before irradiation, orthogonal radiographic images were acquired and fused with digitally reconstructed planning radiographs based on bony structure using the 145 ExacTrac fusion software (BrainLAB AG). The patient's position was readjusted by moving the robotic couch and O-ring of the Vero4DRT system to correct for both translational and rotational initial setup errors according to the fusion results. Then, a second set of orthogonal radiographic images were acquired for positioning verification to ensure that the residual error was within ±0.5 mm and ±0.2° for translational and rotational errors, respectively. Subsequently, the lung 150 tumor position was verified using CBCT images acquired by rotating one set of x-rays and a flat panel-detector in the dual imaging subsystem [16] . The scan time for a 200° gantry rotation was 29 s. The CBCT data were reconstructed in a field of view (FOV) measuring 215 × 150 mm (diameter × range) with a slice thickness of 2.5 mm. The centroid position of the visualized target was then automatically determined by the ExacTrac fusion software, and the residual 155
Abdominal compression during lung SBRT 9 interfraction variation in the centroid position of the visualized target in three dimensions (3D), derived from CBCT scans relative to the corresponding AIP images was subsequently recorded for 152 fractions by two experienced radiotherapy technicians (Fig. 2) . The result of image fusion was reviewed by three experienced radiation oncologists. 
Data analysis
The mean and standard deviation (SD) of the lung tumor positional errors were calculated 165 for each patient in the lateral, longitudinal, and vertical directions. From these values, the population systematic error (Σ) and random error (σ) were also calculated for each direction. Differences were considered significant at p<0.05.
180
Results
Effect of abdominal compression
Of the 30 patients, the pressure plate was used in 16 (76 fractions). In the 14 (76 fractions) remaining patients, although the respiratory motion observed with x-ray fluoroscopy exceeded 8 mm, abdominal compression was not applied either for medical reasons (abdominal 185 aneurysm in five, gallstones in one, abdominal surgery in one, severe chronic obstructive pulmonary disease in two, and dementia in one), or inability to significantly reduce the amplitude of tumor motion (four patients). The mean±SD of the motion amplitude in the longitudinal direction before abdominal compression was 19.9±7.3 (range, 10-40) mm and was significantly (p<0.01) reduced to 12.4±5.8 (range, 5-30) mm with compression (Fig. 3) 
Interfraction variation in tumor position 195 TABLE II summarizes the results of the interfraction variation in tumor position in 3D
derived from CBCT scans relative to the corresponding planning AIP images. (Fig. 5) . 230
There was no correlation between the tumor-diaphragm distance and the mean vector displacement in both patients treated without (R=-0.19) and with abdominal compression (R=0.00). 
240
Discussion
Effect of abdominal compression
The benefit of abdominal compression for reducing respiratory motion in lung cancer patients is well known. Heinzerling et al. reported a significant reduction in the tumor motion in the lateral, longitudinal, and overall directions with abdominal compression [5] . Negoro et al. 245 reported that abdominal compression reduced the mean lung tumor movement from 12.3 to 7.0 Abdominal compression during lung SBRT 16 mm [7] . Bouilhol et al. reported an efficient reduction in the motion amplitude for lesions close to the diaphragm for lung SBRT treatment, with minor benefits or even unwanted effects such as increased tumor motion and ITV for other locations [17] . In our study, the majority of patients had lower lobe tumors (21 patients). The mean range of motion in the longitudinal direction 250 before abdominal compression was 19.9 mm, which was reduced to 12.4 mm with compression (p<0.01) (Fig. 3) . This result compared well with previous studies under comparable analysis conditions.
Interfraction variation in lung tumor position 255
Heinzerling et al. mentioned some of the disadvantages of abdominal compression, including patient discomfort and decreased daily reproducibility of the compression effect based on abdominal contents, girth, and respiratory effort [5] . To the best of our knowledge, however, and longitudinal directions in our study [ Fig. 4(a) and (b) ]. This can be explained by the restriction of motion in the vertical direction due to the compression effect. Indeed, the linear or highly elliptical path of the lung tumor trajectory, as described previously by Seppenwoolde et al., is exacerbated in the lateral and longitudinal directions, which oppose the smallest resistance in patients treated with abdominal compression [18] . Conversely, in patients treated withoutcompression, the absence of a restriction to the excursion of the tumor in the vertical direction explains the larger interfraction variation, Σ, and σ observed in this group of patients compared to those treated with compression (TABLE II) . The selection criteria, which include some medical reasons for the group of patients treated without abdominal compression, may have influenced our results. However, we think that the larger interfraction variation, Σ, and σ in the 275 vertical direction observed in patients treated without compression, and the small variance in the vertical direction in patients treated with compression, were mostly due to an external factor, the abdominal pressure pad, than an internal factor, the underlying medical condition of each patient.
Case et al. found no relationship between the amplitude of liver motion and the magnitude of interfraction change in liver position [11, 12] . This may have been due to the range 280 of tumor motion amplitude of the patients included in their studies (the range of amplitude was ≤19 mm). However, in our study, we included patients with a larger range of tumor motion amplitude (10-40 mm), and found a correlation between motion amplitude in the longitudinal direction and the 3D vector displacements of interfraction variation in patients treated without abdominal compression. Conversely, the correlation was poor in patients treated with abdominal 285 compression (Fig. 5) . This was probably due to the fact that abdominal compression might have generated additional random positional errors, making it difficult to predict the range of interfraction variation in patients treated with compression.
Considering that 70% of the patients in our series had a tumor in the lower lobe, we also sought to determine the influence of the proximity of the tumor respective to the diaphragm on 290 interfraction variation. There was no correlation between the tumor-diaphragm distance and the mean vector displacement. fraction to the last fraction in more than 20% of the patients. In their series, isotropic margins of 10 mm around the ITV were necessary to ensure adequate coverage of the interfractional target motion errors in all cases in the absence of a soft-tissue-based alignment [10] . In our study, the percentages of interfraction variation greater than 5 mm in patients without and with abdominal compression were 20.0% and 40.0%, respectively, and the 5 mm margin around the ITV was 300 insufficient, particularly with the use of abdominal compression without soft tissue target matching. Both Ikushima et al. and our study underline the lack of accuracy of bony matching, whose reliability was worsened by the use of abdominal compression in our data and the need for an additional margin to account for the interfraction variation, with an increased risk of healthy tissue irradiation. 305
The dosimetric impact of the use of abdominal compression on irradiated lung tissue has been reported by several authors [17, 19] . Bouilhol et al. using 4D CT MIP imaging to delineate the target volume reported only a small gain in healthy lung tissue sparing in a subsample of four patients (three in the lower lobe and one in the upper lobe). However, we did not evaluate the dosimetric impact of the use of abdominal compression because of the small CBCT FOV; 310 therefore, CBCT-based treatment planning was not feasible.
Conclusion
Abdominal compression was effective for reducing the amplitude of tumor motion. 315
However, in most of the patients in our study, the use of abdominal compression seemed to increase the interfraction variation in tumor position despite reducing lung tumor motion. The daily tumor position deviated more systematically from the tumor position in the planning CT Abdominal compression during lung SBRT 19 scan in the lateral and longitudinal directions in patients treated with abdominal compression compared to those treated without compression. Therefore, target matching is required to correct 320 or minimize the interfraction variation.
